The vacuolar HW-translocating ATPase (H+-ATPase), originally reported to consist of three major subunits, has been further purified from oat roots (Avena sativa var Lang) to determine the complete subunit composition. Triton-solubilized ATPase activity was purified by gel filtration on Sephacryl S400 and ion-exchange chromatography (0-Sepharose). ATP hydrolysis activity of purified preparations was inhibited by 100 nanomolar bafilomycin Al, a specific vacuolar-type ATPase inhibitor. The purified oat H+-ATPase (relative molecular weight = 650,000) was composed of polypeptides of 70, 60, 44, 42, 36, 32, 29, 16, 13 Initial studies of purification and inhibitor labeling of the vacuolar membrane ATPase from higher plants revealed three major subunits of about 70, 60, and 16 kD (19, 21, 27) , which are common to all V-type ATPases (12, and references therein). Inhibitor labeling studies using the ATP analogs 7-chloro-4-nitrobenzo-2-oxa-1,3-diazole and 3-0-(4-benzoyl)-benzoyladenosine 5 '-triphosphate have revealed that both the 70 and 60 kD subunits contain nucleotide-binding sites (7, 12, 21, 28) . The primary amino acid sequences of the 70 and 60 kD polypeptides recently deduced from cDNA or genomic DNA sequences (9, 20, 35) have confirmed the presence of nucleotide-binding domains. The 70 and 60 kD polypeptides are thought to contain the catalytic site and a regulatory domain, respectively. These two subunits are located in the peripheral sector and can be solubilized by chaotropic reagents (17, 29), consistent with the hydrophilic nature of the polypeptides from the deduced amino acid sequences (9, 20, 35) .
In higher plant cells, vacuoles play a fundamental role in the maintenance and regulation of cell turgor and in the transport and storage of various ions and metabolites. An electrogenic H+-ATPase2, located in the vacuolar membrane This work was supported in part by National Science Foundation grants DBM 86-14204 and DCB 90-06402 (to H.S.) and the Maryland Agricultural Experiment Station (Contribution 8357, scientific article A-6 188).
2Abbreviations: H+-ATPase, proton-translocating adenosine triphosphatase; V or V-type, vacuolar class; DCCD, N,N'-dicyclohexylcarbodiimide; BTP, bis-tris propane or 1,3-bis[tris-(hydroxymethyl)methylamino]propane; H+-PPase, proton-translocating pyrophosphatase. (31) , generates an electrochemical gradient of protons, acidifying the vacuolar lumen and driving the secondary accumulation of solutes, such as calcium and anions (30) . This H+-ATPase is a member of the V-type of ATPases that acidify organelles of many eukaryotic cells, including the vacuoles of fungi (7), and yeast (15) , mammalian coated vesicles (1) (2) (3) (4) (5) , chromaffin granules (23) , lysosomes (12) , and Golgi vesicles (24) . In animal cells, V-type ATPases acidify compartments that serve various functions, such as receptor-mediated endocytosis, intracellular membrane traffic, and secretion (reviewed in ref. 12) . Plant V-type ATPases may also be involved in other functions and hence may be present in endomembranes other than the vacuolar membrane.
Initial studies of purification and inhibitor labeling of the vacuolar membrane ATPase from higher plants revealed three major subunits of about 70, 60, and 16 kD (19, 21, 27) , which are common to all V-type ATPases (12, and references therein). Inhibitor labeling studies using the ATP analogs 7-chloro-4-nitrobenzo-2-oxa-1,3-diazole and 3-0-(4-benzoyl)-benzoyladenosine 5 '-triphosphate have revealed that both the 70 and 60 kD subunits contain nucleotide-binding sites (7, 12, 21, 28) . The primary amino acid sequences of the 70 and 60 kD polypeptides recently deduced from cDNA or genomic DNA sequences (9, 20, 35) have confirmed the presence of nucleotide-binding domains. The 70 and 60 kD polypeptides are thought to contain the catalytic site and a regulatory domain, respectively. These two subunits are located in the peripheral sector and can be solubilized by chaotropic reagents (17, 29) , consistent with the hydrophilic nature of the polypeptides from the deduced amino acid sequences (9, 20, 35) .
The 16 kD polypeptide is an integral membrane proteolipid that binds DCCD and is present in about six copies/enzyme (3, 14) . The amino acid sequence has recently been deduced from cDNAs encoding the 16 kD proteolipid from oat roots (18) . The predicted polypeptide has four membrane-spanning domains in which domain IV contained a glutamate residue, the putative DCCD-binding site.
and differed slightly from those purified from red beet (25) or mung bean (22) .
MATERIALS AND METHODS

Plant Materials
Oat seeds (Avena sativa L. var Lang) were germinated in the dark over an aerated solution of 0.5 mm CaSO4. Roots were harvested after 4 d of growth.
Reagents ATP was purchased from Boehringer Mannheim (Mannheim, FRG) as the disodium salt and converted to ATP-BTP using Dowex 50W. Crude lyophilized phospholipids were obtained from Avanti Polar Lipids (Pelham, AL). Acridine orange was purchased from Eastman Kodak (Rochester, NY). All other reagents were obtained from Sigma (St. Louis, MO).
Preparation of Vacuolar Membrane Vesicles
Low-density vesicles were isolated by differential and gradient centrifugation according to the procedure of Randall and Sze (27) 
Solubilization and Purification
The H+-ATPase was solubilized and purified using procedures modified from previous reports (25, 27 After incubation on ice for 30 min, the solubilization mixture was centrifuged at 180,000g (TY 65, rmax) for 1 h.
The clear supernatant (3-4 mL) was loaded on a Sephacryl S400HR (Pharmacia LKB Biotechnology Inc.) column (1.6 x 100 cm) equilibrated in elution buffer ( ATPase Assays The release of ADP was measured spectrophotometrically as previously described (27) . The assay mixture contained 30 mM Hepes-BTP at pH 7.0, 50 mM KCI, 3 mM ATP-BTP, 4.5 mM MgSO4, 0.66 mm phosphoenolpyruvate, 5 units/mL pyruvate kinase, 12 units/mL lactate dehydrogenase, and 0.2 mM NADH in a total volume of 0.5 mL. Where indicated, the following inhibitors were added: 90 uM ammonium molybdate, 0.2 mm NaN3, and 0.1 mM Na3VO4. The oxidation of NADH was monitored continuously at 340 nm for 4 min at 22°C. The ATPase activity of native vesicles (10-20 ,g protein) was assayed in the presence of 10,ug/mL gramicidin.
Column fractions (20-30 uL) and crude solubilized protein (5 giL) were assayed in the presence of 1 mg/mL sonicated soybean phospholipids. Activity was measured in the presence and absence of 50 mm N03-BTP, pH 7.0, and is expressed as N03--sensitive ATPase activity unless otherwise indicated.
Protein Determination
Protein was determined using the procedure of Lowry in the presence of 1% (w/v) SDS (27) . Samples were precipitated with 10% (w/v) TCA at 4°C, washed with 100% acetone at -20°C, and dried in vacuo for 20 min.
Gel Electrophoresis and Immunoblotting
All samples were precipitated as described for protein determination. Samples were boiled for 4 Nitrate-sensitive ATPase activity was determined in the presence of 50 mM KCI and inhibitors (azide, vanadate, and ammonium molybdate). Native membrane-bound activity was assayed in the presence of 10 ;tg/mL gramicidin. All Triton-solubilized fractions were assayed with 1 mg/mL soybean phospholipids. Fractions 37 through 44 (Fig.  1A ) are equivalent to the total peak obtained from chromatography on Sephacryl S400. Fractions 38 through 40 were pooled and further purified by Q-Sepharose FF. The total and peak activities obtained from chromatography on 0-Sepharose are equivalent to fractions 13 through 19 and 15 to 16, respectively ( Fig. 2A) The vacuolar H+-ATPase from oat roots was previously purified by gel filtration (Sepharose 4B or CL-6B) and demonstrated to consist of at least three major subunits of 72, 60, and 16 kD (27) . Subsequent studies consistently revealed additional polypeptides, such as a 41 and a 13 kD, which copurified with ATPase activity (17) . To establish the complete subunit composition of the vacuolar H4-ATPase from oat roots, the enzyme has been further purified and analyzed with more sensitive detection procedures.
About 60 to 70% of the total protein and total N03-sensitive ATPase activity were solubilized from vacuolar membrane vesicles by 5% Triton X-100 (Table I) . Sonicated soybean phospholipids (1 mg/mL) stimulated ATP hydrolysis of the detergent-solubilized H+-ATPase by five-to sixfold as previously described (25, 27) and was routinely included in assays of the solubilized enzyme. During all chromatographic steps, 10 or 20% glycerol and 0.05 mg/mL soybean phospholipids were present to maintain optimal activity. The H+-ATPase was separated from most other vacuolar membrane proteins by gel filtration chromatography using Sephacryl S400HR (Fig. 1 ) similar to a previous study (27) . The vacuolar membrane H+-ATPase migrated at a relative mol wt of 740,000 (Fig. IA) (Fig. I B, lanes 2). A sixfold purification of ATPase activity with a 70% recovery was achieved by this step (Table I) . Interestingly, polyclonal antibodies raised against the previously purified H+-ATPase from oat (17, 27) reacted with most of the polypeptides including one at 97 kD (Fig. IB, lanes 1-3) . The results would indicate that in the previous study (27) , many polypeptides associated with the vacuolar ATPase were present in the purified fractions but escaped detection.
Fractions with the highest specific activity (1.5 Mmol ADP min-' mg-' protein at 22C) obtained from gel filtration were pooled and applied to a 1 x 2.5 cm column of Q-Sepharose.
The column was initially washed with 0.1 M KCI followed by a linear gradient (0.1-0.4 M) ofKC1. Peak H+-ATPase activity eluted at approximately 0.15 M KCI ( Fig. 2A, fractions 15 and 16) . Polypeptides that co-purified with ATPase activity were similar to those purified by gel filtration (Fig. 2B) . Notably, the 97 kD immunoreactive polypeptide present after gel filtration was completely resolved from the active H+-ATPase by the anion-exchange step and was therefore considered a contaminant. The Q-Sepharose step provided less than a twofold purification of N03-sensitive ATPase activity over gel filtration (Table I ). The total activity recovered from this purification procedure was about 40% relative to the Triton X-l00-solubilized protein. Routinely, the ATPase was purified 10-to 12-fold to a specific activity of 2.7 jsmol ADP min-' mg-' protein at 22°C by this procedure.
We have recently shown that the Q-Sepharose-purified ATPase was competent in H+ pumping in reconstituted proteoliposomes (33) . The purified and reconstituted ATPase was composed of 10 polypeptides, similar to that shown in Figure 2B , except the minor polypeptides of 13 and 12 kD (which were difficult to detect in Figs. 1 and 2) were prominent.
The purified ATPase retained its native properties based on the sensitivity to nitrate, DCCD, or bafilomycin AI (Table  II) , a potent specific inhibitor of V-type ATPases (8) . The purified V-ATPase was insensitive to azide and orthovanadate, although the membrane-associated activity was inhibited 22% by azide and 15% by orthovanadate, probably due to contaminating mitochondrial and phosphorylated-type ATPase activities in the membrane preparation. Both the membrane-bound and purified ATPase were inhibited by DCCD at concentrations consistent with previous reports (14, 27) . DCCD inhibits by partitioning into the hydrophobic environment of the membrane and covalently modifying the 16 kD proteolipid (14) . The purified enzyme activity (assayed in the presence of phospholipids) was inhibited 50% by about 20Mm DCCD (or 208 nmol/mg protein). The purified ATPase was more sensitive to NO3-and bafilomycin Al inhibition than membrane-bound ATPase activity, indicating that the contaminating phosphohydrolases in native membrane preparations had been separated. Surprisingly, bafilomycin inhibited by reacting stoichiometrically with the V-ATPase. Although the mode of action by bafilomycin (a macrolide antibiotic) is not known, its action depends on the amount of protein in the assay (8) . Hence, the purified enzyme was first preincubated for 10 min with the inhibitor. Activity was then measured after 16-fold vesicles (Fig. 3) and that the release of these polypeptides KI Conc (M)
coincided with the loss of ATPase activity (Fig. 4) . These data suggested that solubilization of a subset of the polypeptides luced inactivation of ATP hydrolysis was more effecthat co-purified with ATPase activity decreased the vacuolar 1nce of MgATP. Vacuolar membrane vesicles were ATPase. Polyclonal antibodies that reacted with several ATP- Figure 3 . The pellets were suspended in resuspension ase subunits (Fig. 1B) were used to further identify some of red for ATPase activity as in Table I . Nitrate-sensitive the polypeptides (70, 60, 42, and 36 kD) released from the of the buffer-washed membranes in the absence of membrane as subunits of the ATPase (Fig. 3 ).
100%.
MgATP lowered the effective concentration of KI required to solubilize these polypeptides and hence decrease ATPase activity (34) . Membranes treated with 100 mm KI and 5 mM enzyme/inhibitor into the reaction mixture.
MgATP lost 90% of the NO3--sensitive ATPase activity, kTPase was inhibited 84% by 100 nm bafilowhereas those treated with KI alone lost only 30% of the nmol bafilomycin/mg protein. With a mol wt activity (Fig. 4) . (8) site (6, 34) . the concentration required for 50% inhibition
To determine if these peripheral polypeptides were released was 1 mol bafilomycin/mol of 70 kD polypepas a complex, the membrane-bound H+-ATPase was dissobafilomycin/ATPase holoenzyme). Our results ciated with 100 mM KI and 5 mM MgATP, and the solubilized ied enzyme support the idea that bafilomycin polypeptides were analyzed by gel filtration on Sephacryl metrically with V-ATPases (8) . (Fig. 5, lanes 12-16) . These data indicate that this polypeptide was either separated from the other peripheral subunits at the time of dissociation or was loosely associated with the other peripheral subunits and separated during chromatography. The large peripheral sector of the vacuolar H+-ATPase could be visualized by EM. Knob-like structures of 10 to 12 nm in diameter that were visible on vacuolar membrane vesicles by negative staining were removed by washing with 100 mm KI and 5 mm MgATP (Fig. 6) . These structures were present in patches and clearly represented a major component of the membrane. From a top view (Fig. 6C) , some appeared to have a trigonal shape; others appeared tetrahedral or hexagonal. Because treatments that inactivated ATPase and sol- ubilized the peripheral sector also were effective in removing these particles from native membrane vesicles, we concluded that these knob-like structures were the peripheral sectors of the vacuolar membrane H+-ATPase. These structures were similar in size and shape to those found on the vacuolar membrane of Neurospora (6), carrot (32) , and a CAM plant (16) , and also resembled F, particles of mitochondria (6, 32) .
The Integral Sector of the V-ATPase Was Not Leaky to H+ We investigated if the integral membrane sector of the vacuolar H+-ATPase formed a pore that would conduct protons passively. Ifso, we expected the vesicles to be less effective in holding a pH gradient upon removal of the peripheral sector of the H+-ATPase. The dissociation of the vacuolar membrane H+-ATPase inactivated H+ transport as measured by the quenching of acridine orange fluorescence (Fig. 7) . Although treatment with 100 mM KI and 5 mM MgATP completely abolished ATP-dependent H+ transport, PPidriven H+ pumping was not affected. This is consistent with previous reports that the H+-PPase is an integral membrane protein (17, 29) . It is well established that the H+-translocating pyrophosphatase and the H+-ATPase are co-resident on the vacuolar membrane (as reviewed in ref. 13 ). The ability to form a pH gradient driven by PPi following dissociation of the H+-ATPase would suggest that the integral membrane domain of the H+-ATPase did not passively conduct H+ like the Fo complex of F-type ATPases (12).
DISCUSSION
Subunit Composition
Ten different polypeptides (70, 60, 44, 42, 36, 32, 29, 16, 13 , and 12 kD) were identified as subunits of the purified vacuolar H+-ATPase from oat roots. This conclusion is based on (a) the co-purification of these polypeptides with ATP hydrolysis activity; (b) the KI-induced release of six of these polypeptides from the membrane concurrent with loss of ATPase activity; and (c) the association of five of these polypeptides as a high mol wt peripheral complex. Although this proton pump was previously purified by gel filtration, many of the subunits were not detected (27) . This might be due to the presence of ATP in the solubilization and elution buffers (17, 27) , which might have resulted in some dissociation of peripheral polypeptides. In this study, modifications that facilitated the identification of the minor components of the H+-ATPase included: (a) a more sensitive silver staining procedure to detect polypeptides in SDS-polyacrylamide gels, and (b) the inclusion of the protease inhibitor, PMSF, in all solutions. The polypeptides of low molecular mass did not appear to be proteolytic products of either the 70 or 60 kD subunits. A set of monoclonal antibodies recently obtained against the 70 and 60 kD subunits of the oat H+-ATPase did not react with lower molecular mass polypeptides of purified preparations (34) . The subunit composition of the V-ATPase has been further confirmed in purified preparations that were competent in H+ pumping (33) . Even though polypeptides of 12 and 13 kD were observed in fractions with ATPase activity during purification, they were difficult to detect due to poor staining by silver (Figs. B and 2B ). This could be due to their hydrophobic nature.
Here, the H+-ATPase was purified 12-fold to a specific activity of 2.7 gmol min-' mg-' protein at 22°C (Table I ).
The specific activity is similar to that of vacuolar H+-ATPases from other sources (22) , although some inactivation of the H+-ATPase during purification (e.g. due to dissociation) cannot be ruled out. Assuming limited inactivation during puri- (Fig. lB) and anion-exchange chromatography (Fig.  2B ), but it was not detectable in reconstituted preparations (not shown). Furthermore, it reacted positively with polyclonal anti-ATPase (Fig. 2B ) and affinity-purified antibodies against the 16 kD DCCD-binding proteolipid (18) . The 24 kD polypeptide is soluble in chloroform/methanol, and thus appears to be a proteolipid that, curiously, may also bind to DCCD (14) . However, its identity as part of the V-ATPase or as part of the machinery necessary for the biosynthesis and assembly of the ATPase complex cannot be eliminated.
Peripheral and Integral Sectors
The peripheral sector of the oat vacuolar membrane H+-ATPase consisted of six polypeptides with mass 70, 60, 44, 42, 36, and 29 kD. The 70 and 60 kD subunits have been previously classified as peripheral (17, 29) . Four additional peripheral polypeptides, present in both the purified and reconstituted preparations of the H+-ATPase, were also solubilized by KI and MgATP coordinately with the 70 and 60 kD subunits and with inactivation of ATP hydrolysis activity. Of the six polypeptides, all except the 42 kD polypeptide migrated as a high molecular mass complex of 540 kD on Sephacryl S400HR. The 42 kD subunit migrated at a lower relative molecular mass (70-160 kD) either as an individual polypeptide or perhaps associated with other peripheral ATPase subunits. The oat 42 kD polypeptide may be analogous to the 41 kD subunit of bovine chromaffin granule H+-ATPase, which is peripheral and is separated from the high molecular mass complex of peripheral subunits on a glycerol gradient (23) . Furthermore, dissociation of the bovine-coated vesicle H+-ATPase released a complex of four subunits of 73, 58, 34, and 33 kD as well as another peripheral subunit of 40 kD separate from this complex (26) . Taken together, these data suggest that a 40 to 42 kD peripheral subunit that is separated from the peripheral sector upon dissociation may be a common characteristic of eukaryotic vacuolar H+-ATPases.
The peripheral sector of the vacuolar membrane H+-ATPase, seen as knobs of 10 to 12 nm in diameter (Fig. 6 ), were present on vacuolar membrane vesicles at a relatively high density. This is consistent with our estimation, from purification experiments (27) , that the H+-ATPase comprises 6 to 8% of the total vacuolar membrane protein from oats. It is interesting that the vacuolar ATPase appeared in patches that may reflect their organization in vivo. Interestingly, in leaves of a facultative CAM plant (Mesembryanthemum crystallinum), the density of head and stalk structures seen in tonoplast vesicles are extremely high, and the V-ATPase is thought to represent up to 30% of tonoplast proteins ( 16) .
Although the evidence reported here allowed a determination of the composition of the peripheral sector of the oat vacuolar H+-ATPase, the subunit composition of the membrane integral sector is less clear. The 16 kD polypeptide was previously demonstrated to be a membrane integral subunit (17) . Based on subtraction of the peripheral polypeptides, we suggest that the 32, 13, and 12 kD polypeptides, along with the 16 kD proteolipid, constitute the membrane integral sector. These preliminary results suggest that the integral sector of the plant vacuolar H+-ATPase differs from that of bovine-coated vesicle and chromaffin granule that contain subunits of 19 to 20 kD (2, 23). However, a more direct analysis of this sector from oats will be required to determine a definitive subunit omposition.
Variations in Subunit Composition among Plant V-ATPases Significant structural differences were found between the V-ATPases of oat and red beet storage tissue (Table III) . The red beet enzyme contains subunits of 100 and 52 kD not present in the oat enzyme. Also, the red beet ATPase lacks a 36 kD subunit. To confirm these differences, we purified the H+-ATPase from red beet storage tissue using our procedures. The subunit composition of the red beet H+-ATPase was identical to that from a previous report (25) , except for 14 and 12 kD polypeptides found in our preparations (not shown). The absence of a 100 kD subunit in the oat H+-ATPase is of particular interest. The bovine chromaffin granule and coated vesicle H+-ATPases have subunits of about 100 to 115 kD (5, 12) , whereas the bovine Golgi membrane enzyme lacks a subunit of this molecular mass (24) . In the bovine-coated vesicle H+-ATPase, the 100 to 115 kD subunit is required for H+ transport activity (1). This subunit is selectively degraded by trypsin, which results in a 50% decrease in ATP hydrolysis activity and complete loss of H+-pumping activity. Because the purified oat H+-ATPase was active in H+ transport (33) , the intact H+-ATPase from oat roots apparently lacks a 100 to 120 kD subunit.
It is highly probable that there is more than one type of VATPase in plants and that red beet storage tissue is enriched in one type and young roots of oat seedlings are enriched in another. However, structural dissimilarity is not simply a difference between monocot (oats) and dicot (red beet and mung bean) plants (Table III) because the V-ATPase recently purified from barley consisted of 115 kD (1 1). The variations reflect perhaps a developmental regulation of the expression of 100, 52, or 36 kD subunits. Our recent finding of a small multigene family encoding the 16 kD proteolipid from oat roots supports the possibility of isoforms of the V-ATPase (18) . Distinct types of V-ATPases might be associated with different tissues, cell types, or membranes. Slight differences seen between the subunit composition ofthe vacuolar ATPase from the C3 state and the CAM state ofM. crystallinum would support this idea (10) .
The determination of the complete subunit composition of the vacuolar H+-ATPase from oat provides the basis for biochemical and molecular analyses ofthe role ofthe subunits in the catalytic, regulatory, and proton translocation functions of the enzyme. Future studies to understand the expression and cell or tissue distribution of vacuolar ATPases will be needed to understand the role of this proton pump in the growth and development of plant cells.
